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Foreword
By Gary F. Shade and Thomas S. Passek
The worldwide drive to remove lead from electronic assemblies adds challenges to an already complex and difficult technology. Well beyond simple structures, solder interconnects provide at least as many challenges as the components they connect. Constant new demands of size, speed, power, and new materials continually direct the developer onto the frontiers of science to provide reliable interconnects.
Despite these challenges for materials, mechanical and thermal practitioners, most universities have largely overlooked solder interconnects as a prime area for teaching and research. To fill this void, Dongkai Shangguan has assembled a team of leading experts representing international government research facilities, universities, and industrial companies. Together they provide a wealth of up-to-date knowledge and data on the reliability of lead-free solder interconnects.
Solder interconnects have been a constant challenge in the past and remain that way today. Industry is putting tremendous resources into action to provide reliable lead-free interconnects, and this will undoubtedly continue for the foreseeable future as packages, boards, and materials continue to evolve to meet the needs for improved reliability, performance, and cost.
The Electronic Device Failure Analysis Society (EDFAS), an affiliate society of ASM International, is pleased to see this fine work made available for practitioners in reliability and failure analysis of lead-free interconnects. EDFAS and ASM, along with the editors, the authors, and the reviewers have collaborated to produce a book that meets high technical standards. To all who contributed toward the completion of this task, we extend our sincere thanks. 
By Nicholas Brathwaite
It's only recently that inhabitants of planet Earth have begun attempting to conscientiously, proactively, and responsibly manage the environment in which we live. A truly global, environmentally conscious culture has emerged across all tiers of society.
The fact is, we have little choice. Take the electronics industry, for example, upon which our society increasingly depends for safety, security, comfort, and convenience. As a result of our ever-growing appetite for electronic products, we now generate millions of tons of electronic waste annually.
In addition to challenging the capacity of landfills, this trend continues to deplete our resources and increase environmental pollution. The Restriction of the Use of Certain Hazardous Substances in Electrical and Electronic Equipment (RoHS) and Waste Electrical and Electronic Equipment (WEEE) directives, introduced by the European Union, are intended to protect human health and the environment.
By demanding reuse, recycling, and separate collection, the primary purpose of the WEEE directive is reduction in the amount of electrical and electronic equipment entering landfills. The RoHS directive is intended to eliminate or reduce harmful substances at the source, ensuring that these hazardous substances are not a threat to human life.
Similar legislation is emerging in other parts of the world (most notably, China). While there are still differing opinions regarding the merits of these directives, their global impact on the electronics industry is undeniably clear. It is probably no exaggeration to say that these are leading to revolutionary changes in the electronics industry.
Of the six substances restricted by RoHS, lead is arguable the one that has the greatest impact on the electronics packaging and assembly industry. Approximately 100 million pounds of solder (mostly with tin-lead alloys) are consumed annually to generate 10 trillion solder joints, which is the primary interconnect between the integrated circuit and the printed circuit board. The implementation of leadfree solder assembly processes, therefore, is a critical element in the global effort towards RoHS compliance.
Significant volumes of research and development work on manufacturing issues associated with lead-free assembly have been conducted and published in the past decade by the industry, national laboratories, consortia, and academia worldwide. Reliability studies of lead-free solder interconnects, however, are still emerging.
As we begin the process of putting more and more lead-free electronics products in the marketplace, it is vital that we have an in-depth and comprehensive understanding of lead-free solder interconnect reliability to help the industry safeguard the reliability of the electronics systems and products.
As an industry, we are facing increasingly demanding customers and mounting competitive pressures. As such, industry-wide collaboration is key to a successful journey towards environmental compliance. The industry is fortunate to have a few dedicated experts who can lead and guide us through these challenges, and we are proud to count Dongkai Shangguan among these experts. viii While our company has benefited tremendously from Dr. Shangguan's world-leading expertise in packaging and assembly technology, reliablity, and environmentally conscious design and manufacturing, it is gratifying to see that he has now assembled a global team of renowned experts, across industry and academia, to address the issue of lead-free solder interconnect reliability in great depth and breadth.
On this journey towards environmental compliance and leadership, expert advice in the form of this book is not only welcomed but is vitally necessary.
Nicholas Brathwaite Chief Technology Officer Flextronics ix
Preface
As I sit down to put the finishing touches on this book, the year 2004 is drawing to a close. Through the window of my study, I can see green grass, blue sky, and bright sunshine, here at the heart of the Silicon Valley. This brought my memory back to 1991, when at about the same time of the year, I sat in my study in a Detroit suburb staring at the snow outside the window, trying to put together a plan for a lead-free solder project at Ford Electronics.
The electronics industry has come a long way since then. Over the past 13 years, there has been a great deal of development in the lead-free arena. The passage of the European Union "Directive on the Restriction of the Use of Certain Hazardous Substances in Electrical and Electronic Equipment" (RoHS) legislation has made the drive towards worldwide adoption of lead-free solder unstoppable for packaging, board assembly, and manufacturing of electronics products. Although there is still debate about the merits of RoHS legislation, the transition to lead-free soldering is already underway worldwide.
The global progress towards lead-free soldering includes solder alloy selection and evaluation, process development, and infrastructural development. A significant volume of R&D work has been published by industry, national labs, consortia, and academia worldwide in these areas. Nonetheless, the reliability of lead-free solder interconnects is still an emerging science. The existence of a large volume of reliability data on tin-lead solders under different use conditions has been a key prerequisite for the successful use of tin-lead solder in a multitude of applications. Correspondingly, similar data on lead-free solders are critically needed by the industry, before across-the-board conversion can take place.
The issue of reliability, however, is complicated by the wide variety of application environments and requirements, which give rise to different stress conditions (thermomechanical, dynamical, electrochemical, electrical, etc.) . The physics of failure, which is directly related to reliability, is a critical topic still under intense investigation for lead-free solders. The topic is further complicated by the fact that the relative reliability comparison between the tin-lead solder and the lead-free solder alloys varies with the loading conditions. These complications create great difficulties for the development of appropriate accelerated testing profiles and for reliability prediction, both of which are critical elements of reliable product design. Due to the complexity of the subject, a great deal of confusion still exists in the industry, which hampers lead-free solder implementation and may even lead to catastrophe if reliability is not properly managed for critical products.
Researchers worldwide have undertaken serious efforts to study lead-free solder reliability under different loading conditions. While the results of these studies have been reported rather sporadically at various technical conferences, a book is critically needed which is dedicated to this topic of paramount importance to the electronics industry. Consequently, the objective of this book is to disseminate the most up-to-date knowledge and data on the reliability of lead-free solder interconnects, under various application conditions. The book attempts to cover the complex topic of lead-free solder interconnectreliability in a comprehensive manner, and both fundamental research and practical considerations are addressed. While the book will have archival reference value for academic researchers and educators alike, it is primarily targeted towards practitioners in the electronics business, who need to understand the reliability of solder interconnects, for product design, testing, and assurance.
Chapter 1 offers an overview of lead-free soldering (materials, processes and reliability), as well as a perspective of overall environmental compliance for electronics products. The intricate interplay x among the various use conditions, physics of failure, failure modes, and testing, analysis and prediction methodology, is outlined for the interconnect system (which includes the components, the substrate, and the solder). This is followed by chapters with detailed discussions on the fundamental microstructural evolution and creep and fatigue properties of the lead-free solder alloys, and the overall comparison of reliability between tin-lead and lead-free solders. Chemical interactions and reliability, and tin whisker growth, are then presented in considerable depth to address both the fundamental understanding and the application-oriented issues. Accelerated testing methodology, reliability prediction and design for reliability, as well as characterization and failure analyses, are reviewed primarily from the practical considerations. While a number of different lead-free solder alloys exist, the data presented in this book are focused primarily on Sn-Ag-Cu and Sn-Cu alloys, as these are believed to be the primary lead-free solder alloys to be used by the worldwide electronics industry. Many of the methodologies and analyses presented in the book, however, are applicable to other lead-free solder alloy systems as well. The reliability of conductive adhesives is included towards the end of the book as another important alternative to tin-lead solders. The very last chapter of the book attempts to outline the most critical issues on lead-free solder interconnect reliability for future research.
It is no exaggeration to say that we have only taken the very first step of a long journey towards reliable lead-free solder interconnect systems for electronics products worldwide. It is hoped that this book can provide help for our industry and academic colleagues worldwide in this endeavor. No doubt, many questions still remain, and much more work needs to be done and will be done. It is my personal wish that this book can play some role in stimulating further exploration in the field of lead-free reliability.
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